Introduction
A large number of off-shore wind farms are planned to be build in the North Sea with a relatively close wind farm spacing. Nygaard [1] used the simple NO Jensen engineering wake model [2] to show that wind farm wakes can cause annual energy losses to neighboring wind farms. [1] . While wind turbine wake interaction within wind farms have been studied extensively using engineering wake models [3] , Computational Fluid Dynamics (CFD) [4, 5, 6, 7] and mesoscale models [8, 9] , the mutual interaction between wind farm wakes is a relatively new research area.
In the EERA-DTOC project, power measurements of a Danish wind farm cluster consisting of two off-shore wind farms, Rødsand II and Nysted, are investigated. In this paper, the measurements are compared with a Reynolds-averaged Navier-Stokes (RANS) code using a modified k-ε turbulence model, which is labeled as the k-ε-f P turbulence model [10] . While the standard k-ε model is unable to predict the near wake deficit, the k-ε-f P model shows comparable results with measurements and large-eddy simulations (LES). In previous work, the RANS setup including the k-ε-f P has been successfully tested for single wind turbine wakes [10] and complete wind farms [7] . RANS does not require large computational resources compared with LES, because RANS is steady state and it allows a relative coarse grid (e.g. a cell spacing of 1/8 of the rotor diameter), while LES is transient and a fine grid is necessary to resolve the important turbulent scales. This enables us to use the RANS setup for large domains, e.g. a wind farm cluster covering an area of 100 km 2 , which requires a grid size in the order of 100 million cells.
It is common to assume a simple shear flow in wind turbine wake simulations using RANS. In other words, only the atmospheric surface layer (ASL) is modeled, i.e. a logarithmic velocity profile in neutral stratification. However, the scale of the wind farm cluster is so large that the interaction of the Coriolis force with wind farm wakes can become important. In the present work, the effect of the Coriolis force on wind turbine wake and wind farm wake interaction is investigated by modeling the entire atmospheric boundary layer (ABL). We use a simplified version of the k-ε model of Koblitz et al. [11] to model an ABL, and it is coupled with the k-ε-f P model. Only neutral stratification is investigated in order to isolate the effect of the Coriolis force from buoyancy forces. The simplified k-ε model of Koblitz et al. is based on two components: a turbulent length scale limiter to limit the boundary layer height, and the addition of the Coriolis force in the momentum equations. The effect of these components are individually tested and compared with the traditional ASL modeling by defining three methodologies:
• Method I: ASL.
• Method II: ABL (turbulent length scale limiter).
• Method III: ABL Coriolis (turbulent length scale limiter and Coriolis force).
The three methodologies are explained in sections 3-5, and they are applied to three test cases, which are presented in section 2. The results are discussed in section 6. Three test cases are defined in table 1, and they are used to compare the three methodologies from sections 3-5. All test cases are simulated with a turbulence intensity I H,∞ and velocity U H,∞ at hub height z H of 7% and 8 m/s, respectively. Note that D corresponds to the rotor diameter. In the first test case, the capability of simulating and sustaining ASL and ABL profiles is investigated. Subsequently, the effect of the ASL/ABL modeling is tested for a single wind turbine wake, that is based on the Bonus 2.3 MW/82 wind turbine. The third test case is a Danish wind farm cluster consisting of the Rødsand II wind farm (90 SWT-2.3-93 wind turbines) and the Nysted wind farm (72 Bonus 2.3 MW/82 wind turbines). The layout is shown in figure  1 . The wind farm spacing is around 3 km. Power measurements (SCADA data) of all 162 wind turbines are available; however, the data set of each wind farm cannot be synchronized because the time stamps are not given, which makes it difficult to determine the free-stream conditions when Rødsand II is operating in the wake of Nysted. This limits the comparison of the measured wind farm interaction with the simulations. In addition, it is not possible to filter the data set from non-neutral atmospheric conditions. We choose to use the measurements for trend comparison only. More information about the measurements can be found in Hansen et al. [12] 3. Method I: ASL 3.1. General setup EllipSys3D is used as a flow solver, which is originally developed by Sørensen [13] and Michelsen [14] . The RANS equations are solved with a SIMPLE algorithm [15] , and a QUICK scheme [16] is used to discretize convective terms. Decoupling of the pressure, velocity and body forces are avoided with a modified Rhie-Chow algorithm [17, 18] . The multi-block structure of the flow domain for the wind farm cluster is shown in figure 2 , where the dimensions are normalized with D = 82.4 m. A region with a uniform spacing of D/8 in all direction is defined, which is labeled as the wake domain. The cell spacing is based on a grid dependency study of single wind turbine simulations [10] . The wake domain has horizontal dimensions of 270×90D 2 , large enough to cover both wind farms including a margin of 1 km. The flow and wake domain extend 10D and 3D in the vertical direction, respectively. The wake domain is surrounded by an O-grid with a radius of 50 km. The total grid consist of 795 blocks of 48 3 cells, i.e. 88 million cells. Near the wall, at z = 0, the cells are refined in the z-direction, towards a first cell height of 0.5 m. The cells are stretched outside the wake domain. Except for the rough wall at z = 0, the flow solver decides if a boundary is an inlet or an outlet, based on the local flow direction. A fully developed flow is assumed at the outlet, while a neutral logarithmic solution is set at the inlet:
Test cases and measurements
where U is the stream-wise velocity, u * is the friction velocity, κ = 0.4 is the von Kármán constant, z 0 is the roughness height, k is the turbulent kinetic energy, ε is the turbulent dissipation, and C μ is the eddy-viscosity coefficient. The logarithmic solution is retained through out the domain by setting a rough wall condition at z = 0. At the rough wall, the boundary conditions for U and ε are based on an equilibrium of turbulent production and dissipation, while a zero gradient condition is used for the turbulent kinetic energy [19] . The ambient turbulence intensity at hub height I H,∞ is set by the roughness height z 0 in:
Note that C μ is often used to set I H,∞ ; however, the behavior of the f P function in the k-ε-f P model, as defined in equation (6), changes unphysically with C μ [20] . The friction velocity u * is set to obtain the desired hub height velocity. The resulting velocity profile deviates less than 2% in rotor area from a profile that is set with a z 0 based on the site (e.g. 10 −4 m).
Wind turbine modeling
The thrust and power curves of the Bonus 2.3 MW/82 and SWT-2.3-93 wind turbines are available, while detailed information about the rotor geometry or wind turbine control is unknown. Therefore, the wind turbines are represented as actuator disks (ADs) [21, 22, 23] , that use a simple variable force method [24] . In previous work, it has been shown that the rotational force has a negligible effect on the power deficit [7] . Therefore, it is acceptable to only consider a variable normal force F N [24] :
where ρ = 1.225 kg/m 3 is the air density, C * T is the thrust coefficient that is based on the disk-averaged velocity U AD , while C T is the thrust coefficient that is based on the free-stream U H,∞ , and A is the rotor area. The normal force is distributed over the AD by multiplying F N with a normalized force distribution that is obtained from a Detached Eddy Simulation of the NREL-5MW reference wind turbine [23, 25] . During the wind farm simulation, C * T is updated per iteration from a C * T -U AD curve, until a satisfactory convergence is reached. The wind turbine power is estimated from a P -U AD curve. The C * T -U AD and P -U AD curves are determined from 6 single wind turbine simulations with free-stream velocities between 4 and 9 m/s. In these simulations, a constant thrust force is applied, where F N is based on a known C T and a free-stream velocity U H,∞ . The procedure is carried out for both wind turbine types.
Turbulence modeling
The k-ε-f P turbulence model from van der Laan et al. [10] is applied to the wind farm simulations. The model is based on the standard k-ε model from Launder and Spalding [26] . Both turbulence models can only predict isotropic Reynolds-stresses u i u j because the Boussinesq approximation [27] is used:
where δ ij is the Kronecker delta, U i,j are the mean velocity gradients and ν T is the turbulent eddy viscosity:
with C μ as a constant and ε as the turbulent dissipation. The effective eddy-viscosity coefficient C μ f P is a constant in the standard k-ε model because f P = 1, while f P is a scalar function in the k-ε-f P model that depends on the local shear parameter: eddy-viscosity coefficient C μ f P is variable, instead of a constant, which is the only difference with the standard k-ε model. The scalar function f P in the k-ε-f P model is defined as [28] :
withσ = 1/ C μ as the shear parameter in an idealized (logarithmic) neutral atmospheric surface layer and C R is a calibration parameter. In the neutral logarithmic solution, f P = 1 because σ =σ. In regions with a high shear parameter, i.e. σ >σ, f P < 1, and the turbulent eddy viscosity from equation (5) is decreased. The near wind turbine wake is characterized by high velocity gradients, where σ σ. As a result, the k-ε-f P delays the wake recovery compared to the standard k-ε model. The chosen value of C R is based on a calibration against LES using eight different single wind turbine cases, as performed in previous work [10] .
The standard transport equations for k and ε are used:
where P is the turbulent production, ν is the kinematic molecular viscosity and C ε,1 , C ε,2 , σ k , σ ε are constants. The values of the constants are listed in table 2. The turbulent eddy viscosity from equation (5) can be written as a turbulent velocity scale, i.e. the friction velocity u * , and a turbulent length scale t :
hence f P can be seen as a local turbulent length scale limiter, that limits the turbulent length scales in the near wind turbine wake. Table 2 . Model constants. (1), the inflow is based on a precursor simulation. In the precursor, the flow is driven by a prescribed mass flux, that translates in to a pressure gradient. The flow domain of the precursor simulation is a box that is 6 km high and 1×1 km 2 wide, and it consists of 192×32×32 cells. The lateral boundaries in the inflow direction of the domain are specified as periodic, the bottom boundary is a rough wall as described in section 3.1 and the top and sides are symmetry boundaries where all gradients are set to zero. It is found that a mass flux with a mean velocity of U = 30.0 m/s and a roughness of z 0 = 0.002 m gives the desired hub height conditions.
Wind turbine modeling
The wind turbines are modeled in the same way as discussed in section 3.2. It should be noted that the calibration of the thrust coefficient C * T is not re-done for the ABL simulations. Hence, it is assumed that the C * T -U AD curve is not affected. 
Turbulence modeling
The turbulence modeling of the ABL simulations is based on the k-ε ABL model of Koblitz et al. [11] , where the boundary layer height is finite by limiting the global turbulent length scale t :
using a limiter on ε:
where l t,max is a chosen maximum turbulent length scale. l t,max is used to enforce an equilibrium in the transport equation of ε outside the logarithmic region of the ABL, through a height dependent C ε,1 , labeled as C * ε,1 , as proposed by Apsley and Castro [29] :
The global turbulent length scale limiter also affects wind turbine wakes similarly to the local turbulent length scale limiter f P from equation (6) . In order to avoid double counting of length scale limitation in the wind farm simulations, the global length scale limiter is switched off in the wake region by multiplying C * ε,1 with the blending function f 1 :
In addition, equation (10) is not used in the wake domain of the wind farm simulations. The same transport equations for k and ε are used, as defined in equation (7), where the constant C ε,1 is replaced by f 1 C * ε,1 . Ambient values of k and ε are forced by adding the source terms S k and S ε to the k and ε equations, respectively, as proposed by Spalart and Rumsey [30] :
where k amb and ε amb are chosen ambient values: k amb = 10 −4 and ε amb = 7.208 × 10 −8 such that t = 1 above the ABL height.
Method III: ABL including Coriolis force

General setup
The wind farm cluster ABL simulations including the Coriolis force are carried out in the same way as the ABL simulations without Coriolis, as described in section 4; however, the flow is now driven by the Coriolis force and a counter balancing pressure gradient, instead of a prescribed mass flux. A precursor simulation is used to calculate the inflow profiles for the wind farm simulations, as described in section 5. Note that all lateral boundaries are periodic to account for wind veer. It is found that a geostrophic wind of 10.2 m/s and a roughness height of 0.007 m gives the desired conditions at hub height. The Coriolis force is added to the momentum equation, and it is balanced by a specified constant pressure gradient that is a function of the geostrophic wind G. The resulting volume source S v,i becomes: where ijk is the Levi-Civita symbol, e k is the unit vector in the normal direction, G j is a component of the geostrophic wind G, and f c is the Coriolis parameter defined as:
where ω = 7.292115 × 10 −5 rad/s is the rotation of the earth, and φ is the latitude. The latitude of the wind cluster is 55.6 • , and is assumed to be constant in the simulation, which means that f c is also a constant. In other words, the global rotation that is induced by the Coriolis force is not modeled. The assumption is valid for the current domain size of 10 2 km, because it is an order smaller than the Rossby radius of 10 3 km. Local flow deflections are still possible, because the Coriolis force is a function of U j . Hence, wind veer and the interaction of the Coriolis force with wind turbine wakes are modeled. This local flow deflection can be explained using a simple analysis of a flow crossing a roughness change, e.g. a coastal site where the flow moves from sea to land or vice versa. The x and y components of the Coriolis force from equation (14) become:
where U and V are the velocity components in x-direction and y-direction, respectively. For simplicity, we consider an incoming flow that is aligned with the x-direction at a certain height, hence V = 0 and S v,x is a constant, and only S v,y is responsible for the flow deflection. The local behavior of the Coriolis force is described in table 5.1. Two different flow cases are listed, applicable to the Northern Hemisphere where f c > 0. When the flow moves from sea to land, the flow decelerates and S v,y increases using equation (16) , which turns the flow to the left, as also shown by Orr et al. [31] . The opposite occurs when the flow moves from land to sea. The same principle applies to the interaction of the Coriolis force with wind turbines wakes. In regions where the flow is slowed down, the Coriolis force turns the wake to the left, while opposite occurs in regions of wake recovery. The analysis changes if the coastal area or wind farm is located in the Southern Hemisphere, where f c < 0, hence the Coriolis force turns the flow to the right and left for flow deceleration and acceleration, respectively. 
Turbulence modeling
The global length scale limitation, as discussed in section 4.3, is also necessary in the ABL simulations including Coriolis. Following the k-ε ABL model of Koblitz et al. [11] , l max is estimated from measurements, as described by Blackader [33] :
where G is the geostrophic wind and f c is the Coriolis parameter, as defined in equation (15).
Results and Discussion
Test case I: ASL/ABL profiles
The simulated ASL/ABL profiles are shown in figure 3 . The dashed lines are ABL results from the precursor simulations or represent the analytical ASL profiles, as defined in equation (1). The solid lines are profiles extracted from empty wind farm domain simulations. All three methods are capable of sustaining the inlet profiles, where only the k-profiles shows some deviation, which is related to the known problem of sustaining k near the wall. As expected, the ABL Coriolis method predicts a wind veer, which is about 0.5 m/s over the rotor area. In addition, the ABL Coriolis method predicts a much lower boundary layer height than ABL method. This is caused by the high mean velocity in the precursor simulation of the ABL method that needs to be set in order to obtain the desired conditions at hub height. The turbulent length scale t predicted by the ASL method grows linearly with z, while the two ABL methods limit t . As a results, the ASL-predicted t is twice as large at hub height as predicted by the ABL methods.
Test case II: Single wake
In figure 4 , the velocity deficit at hub height of a single wind turbine is plotted at 2D, 7D and 12D downstream. The ABL methods predict similar deficits, while they differ from the ASL method (5% and 3% difference of velocity at the wake center at 7D and 12D, respectively). This is caused by the large difference in the inflow turbulent length scale t at hub height, as discussed in section 6.1. A lower t reduces the turbulent eddy viscosity, which delays the wake recovery. The wake of the ABL Coriolis method is also slightly skewed because of the Coriolis force, but the impact is negligible. 
Test case III: Rødsand II-Nysted
In figure 5 , contours of velocity at hub height are plotted in the wind farm cluster simulation. The magnitude of the horizontal velocity components √ U 2 + V 2 , and the cross-flow velocity V are shown for a wind direction of 97 • . The ABL methods predict larger velocity deficits compared to the ASL method because the free-stream turbulent length scale at hub height is lower, as discussed in section 6.2. The ABL Coriolis method shows similar deficits as the ABL method, although the Coriolis force deflects the wind farm wakes towards the right. This is best visible in the bottom plot of figure 5 , where the difference in cross-flow velocity between the ABL Coriolis and the ABL methods is plotted. The difference in cross-flow velocity in the wind farm wake of Nysted is in the order of 0.1 m/s. As a result, the merged wind turbine wakes that originate from rows 1-9 of Nysted move around 0.5D north when they reach the first wind turbines of Rødsand II, 3 km downstream. The lateral movement changes the inflow condition of the wind turbines I18, J18 and K18 (figure 1), from half wake to full wake, as shown in the velocity magnitude plots of the ABL and the ABL Coriolis methods from figure 5. The Coriolis force turns the wind farm wake to the right because the regions of acceleration (wake recovery) are much larger than the regions of deceleration that mainly occur in near vicinity of a wind turbine. Note that the theoretical interaction of the Coriolis force with wind turbines wakes is discussed in section 5.1.
The wind farm efficiency of Rødsand II for a wind direction range of 32-132 • is depicted in figure 6 . Solid and dashed lines are results with and without Nysted, respectively, while the three colors represent the three different methods from sections 3-5. As expected, all methods predict a lower efficiency of Rødsand II when it is operating in the wake of Nysted. The ASL method predicts a lower impact of Nysted compared to the other the ABL methods, because of the faster wake recovery due to the high free-stream turbulent length scale at hub height in the ASL simulations, as discussed previously. Although not shown in figure 6 , it has been found that the influence of Rødsand II to Nysted is small for the Eastern wind sector (0.6% averaged loss in Nysted's wind farm efficiency for wind directions between 32-132 • ). The effect of the Coriolis force is best seen when the ABL simulations are compared, such that the effect of the length scale limiter is disregarded. While the Coriolis force has a negligible impact on the single wind turbine simulations (as discussed in section 6.2) and a minor influence on single wind farm simulations (dashed lines), it has a large effect on the wind farm cluster simulations (solid lines). This can be explained as follows. The Coriolis force is a function of the local velocity. When the local velocity is changed by a wind turbine, the local Coriolis force also changes. In the Northern Hemisphere, the Coriolis force increases when the flow decelerates, and the flow is turned to the left, while the opposite occurs for flow acceleration, as discussed in section 5.1. The effect is not visible for a single wind turbine simulation because the region of modified velocity is too small. In other words, a flow particle does not have enough time to be deflected in such a small space. However, the flow deflection gets stronger when the length scale of the regions with a modified velocity increases, e.g. a wind farm wake. Hence, the flow is most deflected in the wind farm cluster simulations, which in this case increases the alignment of the flow with the arcs in the Rødsand II wind farm. Therefore, the orientation of the curved rows in Rødsand II is unfavorable. Figure 6 also indicates that Rødsand II loses in order of 10-15% in wind farm efficiency for wind directions between 70-100 • because of the presence of Nysted. This eastern wind sector has a probability of 10%, which results into an overall loss of 1-2% for a wind speed of 8 m/s.
The measurements in figure 6 show a similar trend in wind farm efficiency as seen in the wind farm cluster simulations, except for the 107 • data point, which is not understood. Unfortunately, the lack of free-stream measurements makes it difficult to make stronger statements. 
Conclusions
The effect of the Coriolis force on wind farm wake interaction is investigated in RANS. Three different methodologies of modeling the atmospheric surface/boundary layer are used: ASL method (only modeling the neutral logarithmic region), ABL method (modeling the neutral ABL with a turbulent length scale limiter to limit the boundary height) and the ABL Coriolis method (modeling the neutral ABL with a turbulent length scale limiter including Coriolis forces). All methods can sustain their corresponding inflow profiles in a large wind farm cluster domain. The ABL methods predict a turbulent length scale at hub height that is half of the one simulated by the ASL method, which delays the wake recovery. Therefore, the effect of the Coriolis can only be investigated by comparing the ABL method and the ABL Coriolis method. While the Coriolis force has a negligible impact on a single wind turbine wake and a small effect on a single wind farm, it has a large influence on the wind farm cluster simulation, where the Rødsand II wind farm is operating in the wake of the Nysted wind farm. The Coriolis force deflects the recovering wind farm wake towards the right, which increases the alignment of the Nysted wakes with the curved rows in the Rødsand II wind farm. Therefore, the orientation of the curved rows is predicted to be unfavorable with respect to the sign of the Coriolis force that is present in the Northern Hemisphere. Since the effect of the Coriolis force is significant in a RANS simulation of a wind farm cluster, it is recommended to include it when wind farm wake interaction is studied.
